The process of sexual maturation in the chicken is associated with an increase in circulating estradiol-17β concentration. Researchers often rely on frequent blood sampling to measure estrogen concentration and thus to monitor the process of sexual maturation. Although reliable, this method is invasive to the animal and is not a practical technique for use on a farm. Sexual maturation also promotes the development of the comb and wattles on the chicken. The objective of this experiment was to evaluate an animal friendly and simple alternative to assess the rate of sexual maturity in female meat-type chickens by measuring the growth of the comb.
DESCRIPTION OF PROBLEM
Poultry management and reproductive physiology research usually requires knowledge of when sexual maturation occurred. In practical terms, birds are sexually mature at the time of their first oviposition. Currently, the primary quantitative method for assessing the rate of sexual maturation involves obtaining repeated blood samples and measuring plasma estradiol-17β or testosterone concentrations by radioimmunoassay (RIA). This technique is 1 To whom correspondence should be addressed: frank.robinson@ualberta.ca. time consuming, involves restraint of animals to collect the blood samples, and requires expensive determinations of hormone levels.
Comb growth in a broiler breeder is largely a function of sexual maturation. Fattori et al. [1] observed that comb size (height and length) in female broiler breeders begins to increase rapidly 5 wk before lay, with most of the growth 3 to 5 wk before first oviposition. Plasma estrogen concentration seems to increase concurrently with comb growth [2, 3] .
During sexual maturation in egg-type pullets, circulating estrogen concentration increased to a maximal level 3 to 4 wk before the onset of lay [3] . The concentration decreased after sexual maturity [3] . Comb size has been correlated with the age at first oviposition for female broiler breeders [4] . The correlation is higher for birds fed ad libitum (AL) than birds on restricted feeding (RF) [4] . As comb growth follows a similar pattern to that of plasma estrogen concentration, it is possible that the two are highly correlated. However, this has not been discussed in the current literature. If a strong relationship (i.e., high correlation) exists, then assessing changes in comb size would be an effective on-farm method for determining sexual maturity in a breeder flock and an alternative laboratory method to blood sampling and RIA.
Previous studies have used different methods of assessing comb growth. Some have measured comb height and length and combined them into a single factor [1, 4] . Other techniques include measuring comb growth by assigning a subjective score or using a ruler [3, 5] . Although these methods are effective, they are presumably based on a relatively subjective measurement, making assessments difficult to compare or repeat in a meaningful way. Conversely, image analysis technology involves a digital picture of the object to be measured, providing an objective form of measurement and a permanent record for future reference. This technique is relatively new to poultry research. Robinson et al. [6, 7] have used image analyses for measuring breast muscle length, width, area, and thickness in broilers. In addition, image analysis is an effective tool for measuring right ventricular areas in broiler hearts [8] and shell color of broiler breeder eggs [9] .
The primary objective of this experiment was to evaluate image analysis technology as a noninvasive and simple means of assessing the rate of sexual maturation in broiler breeder pullets that were RF or AL. Feed restriction delays the broiler breeder's response to photostimulation [10] , whereas feeding ad libitum during the prelay period accelerates the onset of sexual maturation in some strains but not in others [11] . It was hypothesized that strains that respond to AL feeding by earlier oviposition would also exhibit accelerated comb development.
MATERIALS AND METHODS

Stocks and Management
The University of Alberta's Faculty of Agriculture, Forestry, and Home Economics Animal Policy and Welfare Committee approved this protocol [12] . A flock of 250, Cobb-500 broiler breeder pullets were reared in floor pens in a light-tight facility. At 20 wk of age, all birds were individually weighed, and 32 birds closest to the target weight for that age (2.16 kg) [13] were selected and randomly assigned to individual cages in another lighttight facility. Cages were designated to one of two treatments, an AL or RF regimen. These birds were then photostimulated at 22 wk of age; the photoperiod was changed from 8 h light/d to 15 h light/d. At this time, the feeding programs were initiated. All birds were individually fed on a daily basis, and individual BW was recorded weekly. Feed allocation for the RF birds was based on maintaining their BW on the breeder recommended target curve. Feed consumption of the AL birds was recorded weekly.
Experimental Design
Comb Measurement. At 2-d intervals between photostimulation and sexual maturity, a digital image of each bird's profile (head only) was recorded as an indicator of comb growth over time. The comb of each bird was measured with a ruler and with the software program Northern Exposure [14] . The fourth spike from the front of the comb was measured from tip of the spike to the base of the head with a ruler. The bird was then placed on its side, and the head was positioned directly beneath a digital camera such that a profile image of the comb appeared on the computer monitor ( Figure 1) . A digital recording of the image is composed of thousands of pixels or dots that range in color from black to white. Area and linear (height and length) measurements of the comb were assessed from the computer images. Height was measured similarly as with the ruler, and comb length was measured from the attachment of the comb at the base of the head to the curve of the last spike ( Figure 1 ). To measure the area of the comb, the comb itself had to be highlighted so that it could be distinguished from the rest of the bird. The software then counted all of the pixels that were within that highlighted region, and knowing the size of an individual pixel, the software was able to determine the area (number of pixels on comb × size of one pixel = size of the comb). Measuring area of the comb was equivalent to the assessment of comb size used by other researchers [1, 4] . The primary difference in the current study, however, was the use of image analysis to measure the entire surface of the comb.
Blood Sampling. From photostimulation to sexual maturity, blood samples were collected every 4 d from the brachial vein using 10-mL, EDTA-coated vacuum collection tubes. The samples were immediately placed on ice and then centrifuged at 1,500 × g for 20 min at 4°C. Plasma was decanted and stored at −30°C. Determination of plasma estradiol-17β concentration is outlined in the References and Notes section [15] . Statistical analysis was completed on all of the data as also described in the References and Notes section [18] .
RESULTS AND DISCUSSION
Body Weight and Age at Sexual Maturity
Body weight prior to photostimulation was not different between the two feeding groups, as all of the birds consumed the same amount of feed daily (Table 1) . One week following the onset of the feed treatments, AL fed birds weighed significantly more than RF birds (3.012 and 2.493 ± 0.028 kg, respectively). This result was expected, as the AL group consumed 182 g/d more than the RF group that week. Mean BW for the two treatments remained different for the duration of the trial. Feed intake for the AL treatment decreased slightly as the trial progressed, whereas feed allocation for the RF treatment increased up to Week 25 and remained unchanged thereafter.
As expected, BW at sexual maturity differed between the two treatments. Hens that were AL fed, had a mean BW of 3.749 ± 0.068 kg, which was significantly higher than the BW of the RF hens (3.128 ± 0.068 kg). Several studies have reported similar results for fullfed versus RF female breeders [4, 21, 22, 23] . Although feeding programs affected BW, there was no effect on age at sexual maturity. The AL and RF groups reached sexual maturity 25.4 and 26.7 ± 1.6 d after photostimulation, respectively. When pullets were AL fed during rearing, they matured earlier than RF pullets [4, 21, 22] . However, when AL feeding was initiated in the prebreeder phase, only some strains had accelerated sexual development, whereas others did not [21, 23, 24] . In the current study, the lack of difference in age at sexual maturity would indicate that this strain is unaffected by AL feeding during the prebreeder period; however, this warrants further investigation.
Comb Growth and Plasma Estradiol-17β
The AL treatment did not advance the age at onset of lay; therefore, it was not surprising that there was no effect of feeding regimen on comb size or on estrogen concentration. The data from both treatments were pooled and are presented in Table 2 . As the pullets approached sexual maturity, the comb grew larger, and plasma estrogen concentration increased. The Means within a column with no common superscript differ significantly (P ≤ 0.05).
A Birds were acclimated to cages for 2 wk; therefore, experimental feeding regimens started at photostimulation (22 wk of age). change in estrogen concentration as chickens approach maturity has been documented in the literature [25] . Six days after photostimulation, comb height significantly increased. Comb area and length were significantly greater after 8 and 10 d, respectively. After 20 d, comb height, length, and area were significantly greater than they were on the day of photostim- Means within a column with no common superscripts differ significantly (P ≤ 0.05). Height was measured on the fourth spike from the front of the comb to the base of the head; length was measured from the attachment of the comb at the base of the head to the curve of the last spike; area was assessed by highlighting the comb and then counting the number of pixels within the highlighted region. All three measurements presented in this table were measured by image analysis.
ulation. Plasma estrogen also increased 8 d after photostimulation and was at a high concentration as early as 16 d postlighting. The increase in comb size and plasma estrogen concentration as a function of sexual maturation has been described in other studies [1, 2, 4] .
Comb height as measured by a ruler correlated highly with the height analysis of the digital images (+0.93). The correlation coefficients of comb height measured by a ruler and image analysis with area of the comb were also high (+0.92 and +0.94, respectively). Thus, both methods of assessing comb height were effective. This was due, in part, to a high degree of consistency, because the same person performed all of the measurements, but it also supports the use of image analysis to assess comb height.
The correlation coefficients of age with comb height, length, and area were +0.62, +0.64, and +0.65, respectively ( Table 3 ). The correlations were very similar for both treatments, although another study found that AL fed birds had a higher correlation coefficient of comb size with age than RF birds [4] . In that study, however, the AL and RF treatments began at 8 wk of age, resulting in advanced sexual maturity in the AL birds, likely contributing to the higher correlation coefficient for that group [4] .
These correlations describe the relationship between comb growth and the process of sexual maturation. However, they cannot be used to extrapolate a relationship between comb growth and age at first oviposition because the birds achieved sexual maturity at different chronological ages. Therefore, the same correlations were determined using physiological age instead of chronological age [18] . The disadvantage to this method was that within any physiological age, the birds were at different chronological ages; therefore, feed intake and body weights might have been different. However, feed intake had no effect on sexual maturity in this study. The correlation coefficients of days to first egg with comb height, length, and area were +0.58, +0.58, and +0.62, respectively. The coefficients obtained were similar to those of chronological age. The positive correlations mean that birds with larger combs will have fewer days to first oviposition than birds with smaller combs. The correlation coefficient of plasma estrogen concentration with chronological age was +0.68 (Table 3 ). This result means that following photostimulation, the concentration of estrogen steadily increased as the bird underwent reproductive development. The correlation of plasma estrogen concentration with physiological age was small (+0.37). This finding may be due to plasma estrogen concentration actually decreasing on the day of first oviposition rather than increasing. The correlation coefficients of estrogen concentration with comb growth, as characterized by height, length, and area, were not as high. The best correlation was with comb height (+0.43), although it was too small to draw any meaningful relationship.
Comb growth is a useful indicator of the process of sexual maturation in meat-type pullets. The correlations between comb size and plasma estradiol-17β were low; therefore, monitoring comb size is not an adequate alternative to blood sampling. In practical terms, however, changes in comb size can be used as an estimation of the sexual maturation process. This information may be useful in making decisions regarding the rate of change in feed allocation and photostimulation.
CONCLUSIONS AND APPLICATIONS
1. Despite a higher BW, AL feeding during the prebreeder period did not result in earlier sexual maturity as compared to the RF treatment. 2. Similar results in comb height were achieved with a ruler and image analysis. Although image analysis allows for greater objectivity, a key factor for scientific research, using a ruler is more practical for hatching egg producers or flock managers. 3. The relationship between comb size and plasma estradiol-17β concentration was small. Monitoring comb growth was not an adequate alternative to blood sampling. 4. The relationship among comb height, length, and area with days to first egg was positive. As comb size increases, the days to first eggs will decrease. 5. A flock supervisor or manager can monitor changes in comb size and use it to estimate the onset of lay for a flock.
18. Statistical Analysis. Pullets were assigned to a feeding regimen and a cage in a completely randomized design. Data were evaluated by one-way analysis of variance with feed treatment as the main effect using the general linear models procedure of SAS software [19] . Differences between means were evaluated using the PDIFF option of the LSMEANS statement of the SAS software [19] . The error variation for feed treatment was the variation between birds. Two pullets in the AL treatment were removed from the data set due to accidental death. Therefore, the standard error of the mean (SEM) was determined by using the AL group, as it had the fewest birds. Pearson correlation coefficients [20] were determined for hormonal and comb development parameters by pooling the data from the AL and RF treatments. Correlations with age were determined in two different ways, using either chronological age or physiological age. Chronological age was the actual age of the bird. Because all of the birds were hatched on the same day, their chronological ages were the same. However, each bird developed and matured at a different rate; therefore, the age at sexual maturity differed chronologically. To account for different rates of development, physiological age was used. Physiological age was based on setting the day of first oviposition for each bird as Day 0 and working backward. For example, 1 wk before sexual maturity would be considered Day −7. Unless otherwise stated, all statements of significance were based on testing at the P < 0.05 level. 
